Using density functional theory with the inclusion of van der Waals (vdW) interaction, we have investigated electronic energy bands, density of states, effective masses of charge carriers, and photoabsorption coefficients of pseudocubic CH 3 NH 3 PbX 3 (X = I, Br). Our results confirm the direct band gap of 1.49 (1.92) eV for X = I (Br) in the pseudocubic Pm phase with lattice constant of 6.324 (5.966) Å , being agreed well with experiment and indicating the necessity of vdW correction. The calculated photoabsorption coefficients for X = I (Br) have the onset at red (orange) color and the first peak around violet (ultraviolet) color in overall agreement with the experiment.
Perovskite is one of the most commonly occurring and most important crystalline structures in all of materials science [1, 2] , and this was proved to be true from a revelation of perovskite-type solar cells (PSCs) [3] , which are revolutionizing the several aspects of photovoltaic technologies [4] [5] [6] . Now, PSCs, using the methylammonium lead trihalide perovskite (MAPbX 3 ; MA = CH 3 NH 3 , X = I, Br, Cl) as light absorber and being characterized by high efficiency of photoelectric conversion, low cost of fabrication, and long-term stability under operation, are being rapidly evolved with continuous increase in their performance; recently, the efficiency hits 19.3 % [7] .
The performance of PSCs is strongly dependent on the material properties of ingredient substances including transparent semiconducting electrodes, light harvesting absorber, electron and hole transport layers, and their interfacial microstructures [8] . In particular, MAPbX 3 is of critical importance in determining the performance of PSCs, because it is used as not only light absorber but also as electrical transport layer. Therefore, understanding its physicochemical properties with this at the electronic scale is mandatory for improving the solar cell efficiency. InMAPbX 3 based on first-principles [9] [10] [11] [12] as well as experiments [8] is still in an early stage.
In perovskite structure with a general formula ABX 3 (X is typically oxygen or halogen), A and B can be divalent (monovalent) and tetravalent (divalent) metal cations for the case of oxide (halide), occupying the AX 12 cuboctahedral and BX 6 octahedral sites, respectively. As oxide perovskites show unique ferroelectric and piezoelectric properties, halide perovskites have interesting optic and magnetic properties, with for instance the application of CsSnI 3 in solar cells [13] . When replacing the A metal cation by the monovalent MA cation (i.e., CH 3 NH 3 ? ) in halide perovskite (the Goldschmidt tolerance factors, [1, 14] ), hybrid organic-inorganic perovskites, widely applied to the highest-performance PSCs, are produced. It was found experimentally that, although in MAPbX 3 (X = I, Br) like oxide perovskites a series of phase transformations from cubic to tetragonal and to orthorhombic upon cooling [15] takes place, they have cubic and tetragonal phases at room temperature with distorted PbX 6 octahedra due to the effect of MA cation disordered state [15] .
Considering that MAPbI 3 crystals have a pseudocubic phase verified from transmission electron microscopy although X-ray diffraction identified cubic (Pm 3m) and tetragonal (I4/mcm) phases [16] , we can build three pseudocubic lattices, which are distinguished by direction of the MA molecular axis referred to the cubic phase, \100[, \110[, and \111[, called models A, B, and C, respectively [12, 17, 18] . Note that the crystallographic analysis of these three lattice models indicates space groups Pm for models A and B, and R3m for model C, which are lowered lattice symmetries from the cubic Pm 3m of parent perovskite.
In this paper, based on the density functional theory (DFT) calculations, we investigate the electronic structures and photoabsorption properties of the most widely used hybrid organic-inorganic perovskites MAPbI 3 and MAPbBr 3 in abovementioned pseudocubic phases, with a comparison between them. To describe the properties, the density of states (DOS) and electronic charge density are analyzed, and in addition, the effective masses of charge carriers are calculated. Calculations were carried out using pseudopotential plane-wave method as implemented in Quantum ESPRESSO code [19] . The ultrasoft pseudopotentials provided in the code were used [20] . Convergence with respect to the planewave cut-off energy (40 Ry) and k-point mesh (8 9 8 9 8) has been checked.
We first discuss our results of structural optimization using the different exchange-correlation functionals within the generalized gradient approximation and plus van der Waals (vdW) dispersion correction [21] , which is expected to be important for organic molecule. Perdew-Burke-Ernzerhof (PBE) [22] formalism and with the inclusion of vdW correction [23] (PBE ? vdW-DF), and PBE revised version for solid (PBEsol) [24] and with the inclusion of vdW correction by Grimme method [25] (PBEsol ? Grimme) were tested. All of the atomic coordinates are optimized until the atomic forces reach 0.02 eV/Å at fixed lattice constants and this process is repeated with different volumes of unit cell. Then, the optimized lattice constants were determined by fitting E-V data into Birch-Murnaghan equation of state.
It is observed that the atomic relaxations of model A and B give the almost same final structure, in which the MA molecular axis is slightly rotated around the c axis, and therefore consideration is restricted to two models with Pm (\110[) and R3m (\111[) pseudocubic phases. For all the tested E xc functionals, the former phase (Pm) is predicted to be slightly more favorable as the maximum of 0.05 eV/cell in energy than the latter phase (R3m), agreed well with the experiment [17] . In Table 1 , the calculated lattice constants and bulk moduli of pseudocubic MAPbI 3 crystals are reported. When including the vdW interaction by either vdW-DF [23] or Grimme [25] method, the lattice constants are reduced, while bulk moduli are increased, in comparison with those of without inclusion of vdW correction. As shown in Fig. 1 and already pointed out in the previous papers [12, 17] , the presence of the MA molecule, in addition to lowering the internal lattice symmetry, gives rise to the tilting and rotation of PbI 6 octahedra, which are of importance for exhibiting the ferroelectric property.
Electronic energy band and partial DOS of MAPbX 3 (X = I, Br) are calculated at predicted lattice constants with denser k-points (12 9 12 9 12). For X = I, PBE ? vdW-DF yields a band gap of 1.49 eV, the closest value to the experiment (1.50-1.55 eV) [3, 16] among those with different E xc functionals (see Table 1 ), and a lattice constant of 6.324 Å that is in good agreement with the experiment (6.329 Å ) [15] . From this result, we would like to emphasize the necessity of inclusion of vdW interaction which might play a role in the interaction between MA molecule and other atoms. The same is found for X = Br; the lattice constant 5.966 Å and band gap 1.92 eV calculated with PBE ? vdW-DF among the different E xc functionals are the most reasonable compared to the experimental values of 5.931 Å [17] and 2.22-2.25 eV [26, 27] . However, the discrepancy in band gap for X = Br is slightly greater than for X = I. Since in these materials the GGA underestimation of band gap is counterbalanced by the lack of the spin-orbit interaction [28] , it can be thought that the effect related with the spin-orbit interaction in X = Br is smaller than in X = I; due to that, Br atom is lighter than I atom. We note that the pairwise vdW-DF and Grimme methods do not include the screening effects that might be important for solid and finite-gap molecule [29, 30] .
Let us see the energy band structures and PDOSs of these two materials in pseudocubic Pm phase (Fig. 2) , doing a comparison between them. While the valence b Ref. [16] c Ref. [3] d Ref. [17] e Ref. [26] f Ref. [27] band maximums (VBM) created by the antibonding of Pb 6 s and I/Br 5p/4p electrons reside on the almost same position, the conduction band minimum of MAPbBr 3 is shifted largely above one of MAPbI 3 , both of which are predominantly composed of Pb 6p and I/Br 5s/4s orbitals. Note that the lone pair of electrons of Pb (6s 2 ) (see Fig. 1 ) is also a driving force for structural distortions [9, 12] , in company with the MA cation. It can be seen that molecular states of MA cation are below far from the VBM, implying the indirect influence on electronic band structure through the change of lattice constants upon the change of organic moiety [9] . Here, we make it clear that the most prominent advantage of MAPbX 3 (X = I, Br) over the current standard absorber material is that the band gap is direct, so that electron-hole pair can be created purely by photon without the other interaction like phonon. By using density functional perturbation theory (DFPT), we have computed the frequency-dependent dielectric constants, e(x) = e 1 (x) ? ie 2 (x), and photoabsorption coefficients using the following equation,
In Fig. 3 , it is shown that the calculated photoabsorption coefficients of MAPbI 3 are in good agreement with the experimental data on its thin film on glass measured by photothermal deflection spectroscopy [31] . We also found that the photoabsorption coefficients for X = I (Br) have the onset at red (orange) color and the first peak around violet (ultraviolet) color which contains the highest energy on the solar spectrum.
In conclusion, we have investigated the electronic structures and related properties of MAPbX 3 (X = I, Br) with pseudocubic phases. The necessity of vdW correction was stressed here. The properties calculated with PBE ? vdW-DF are the electronic band structures and PDOSs (direct band gaps are 1.49 and 1.92 eV), effective masses of charge carriers, and photoabsorption coefficients, which are in good agreement with the available experimental data. We Figure 3 Photoabsorption coefficients of MAPbX 3 (X = I, Br) with DFPT calculations (solid line). For comparison, experimental data on MAPbI 3 and CdTe [31] , and the solar spectrum in the background [32] , are shown. Inset shows logarithmic plot. regard that our result will be useful for the development of PSCs with better performance.
